Pr element tends to form a nine-coordinated structure and that with the atomic number larger than Pr element tends to form an eight or lower number-coordinated structure. Pr element has two kinds of coordination situations, with coordination numbers of nine or eight. The terahertz (THz) time-domain spectra of these complexes were also studied.
Introduction
Supramolecular chemistry is the chemistry of the intermolecular bond, covering the structures and functions of the entities formed by association of two or more chemical species 1, 2 through weaker non-covalent bonding interactions such as hydrogen bonding, electrostatic interactions, electron-donor/ electron-acceptor interactions and p-p stacking interactions. 3, 4 A considerable amount of the research activity on metal phosphonate chemistry has focused on the rational design and synthesis of multifunctional coordination polymers, mainly due to their interesting structures and potential application in the areas of catalysis, ion exchange, proton conductivity, intercalation chemistry, photochemistry, and materials chemistry.
5,6
Many research groups have used phosphonate ligands to synthesize a large number of metal phosphonates that possess mainly extended structures including 1D-chained, 2D-layered and 3D-pillared structures. As a result of these studies, a wide range of 3d-metal phosphonate and 3d-4f-heterometallic phosphonate cages have been synthesized. In contrast to transition metal phosphonates, reported molecular assemblies of purely 4f-phosphonates are rare. 7, 8 According to the HSAB principle, lanthanide cations belong to hard acid, so it is easily coordinated by the hard base. For this reason, lanthanide cations are expected to interact strongly with phosphoryl (P]O) group in order to gain lanthanide-phosphate compounds. stability. So they have been studied owing to their interesting coordination patterns, catalytic properties and the applications in certain specialized separation or recovery processes.
10
In rare earth coordination chemistry, the chelating effect and lanthanide contraction are very common laws. The chelating effect indicates that the reaction to produce the chelate is more advantageous in terms of energy than the reaction to produce the monodentated complex. Chelating effect is mainly caused by two factor, one is the entropy increase effect, the entropy in the reaction increase due to the need for less ligand molecules caused by chelating. The other is the role of enthalpy, the same multi-dentate ligand reduces the mutual repulsion of ligands in different sites, which will affect the coordination pattern of ligands and the stability of complexes. [11] [12] [13] Due to the reason of lanthanide contraction the atomic radius and ionic radius of the lanthanide elements decrease with the increase of atomic number will affect coordination number of metal ions. [14] [15] [16] Under the inuence of these two factors, the coordination modes and properties of lanthanide complexes are very different. [17] [18] [19] [20] What is more, lanthanide ions have a larger radii and higher coordination numbers than transition metals and exhibit specic, line-shaped f-f emissions, covering a large spectroscopic range from the visible to the near-infrared (NIR). Lanthanide complexes have attracted attention due to their potential applications in electroluminescent devices, uores-cence materials, bioassays and luminescent probes.
21-27
There are a few reports on the use of terahertz means to detect the properties of lanthanide complexes. In our previous work, we synthesized a number of lanthanide complexes with the bidentate ligand tetrakis(O-isopropyl)methylenediphosphonate, some of them were characterized by THz-TDS spectra. [28] [29] [30] Terahertz spectrum covers the frequency region from 0.1 to 10 THz (3.3 cm À1 to 333 cm
À1
) which bridges the microwave and the far infrared. The THz spectrum contains a wealth of chemical information, such as intramolecular twist, crystal lattice vibration, hydrogen bond, van der Waals force and so on. Besides, many substances have ngerprints in range of the terahertz spectra band. Therefore, based on these ngerprints, it is possible to identify the components, to analyze the physicochemical properties and to study dynamic behaviour of the compound. Conclusively, terahertz spectroscopy is complementary to Fourier transform infrared spectroscopy and X-ray technology.
31 Due to the relative infancy of THz spectroscopy, especially in the chemical sciences, work in this area is still limited and the literature is underdeveloped and disparate. This is also true with regard to THz metrology where further developments are required to standardise measurements and methodologies in order to allow THz spectroscopy to become a routine tool for the chemical sciences.
32
In this paper, we will make a detailed discussion for a series of sixteen lanthanide-diphosphates complexes on the syntheses, crystal structures, 1 HNMR and 31 PNMR spectroscopy characteristics, thermal analysis and terahertz (THz) time-domain spectroscopy. In additions, these complexes afford an opportunity to study lanthanide contraction and chelating effect.
Experimental details

Materials and physical measures
All other materials were of analytical grade and used without further purication. All experiments were performed at ambient temperature. Elemental analyses (C, H, N) were performed on a Flash EA 1112 analyzer. IR spectra were recorded from KBr pellets on a Brucker EQUINOX 55 FT-spectrometer operating in the 4000-600 cm À1 region. NMR experiments were carried out on a VNMRS-600 spectrometer using CDCl 3 as solvent. Emission spectrum was recorded on a Hitachi F-4500 Luminescence Spectrophotometer. The THz absorption spectrum was recorded on the THz time-domain device of Minzu University of China, based on photoconductive switches for generation and electro-optical crystal detection of the far-infrared light. The experimental apparatus for terahertz transmission measurements has been discussed in detail elsewhere. 33 The preparation of the samples is by pressing the mixed powder of samples and polyethylene into a pellet. The detection of THz absorption spectra is carried out at N 2 atmosphere to avoid the inuence of water vapour. The thickness of the samples 1-16 and ligands is about 1 mm. The THz absorption spectra of the samples are obtained by the THz time-domain device and the effective spectrum range is 0.4-3.3 THz.
Synthesis of complexes 1-2, 4-9, 11 and 12
A mixture of 0.2 mmol LnCl 3 $6H 2 O (Lafor 1, Ce for 2, Sm for 4, Eu for 5, Gd for 6, Tb for 7, Dy for 8, Er for 9, Pr for 11, La for 12), 1,10-phenanthroline (0.005 g), CH 3 CN (10 ml)and three drops of DMF was stirred for 3 hour before adding nine drops of L (0.4 mmol). Stirring was continued for 3 hours at ambient temperature to give a clear solution. The solution was ltered. Three days later, the clear solution became turbid. Several months later, lavender crystal of complex 4 and other colourless crystals of complexes not in quantitative yield were obtained. Single crystals suitable for X-ray diffraction were obtained by slow evaporation of a mixed solvent of CH 3 CN and DMF in the refrigerator.
[ ): 3369s, 2980s, 2936m, 2874m, 2737w, 1630m, 1544w, 1468m, 1454m, 1388s, 1378s, 1360m, 1243s, 1224s, 1200s, 1172s, 1143s, 1101s, 1084s, 995s, 887m, 814s, 800s, 778m, 728w, 701m, 579m, 524s, 424w.
Synthesis of complex 16
A mixture of ScCl 3 $6H 2 O (0.2 mmol, 0.05186 g), CH 3 CN (5 ml) and CH 3 OH (5 ml) was stirred for 3 hour before adding nine drops of L (0.4 mmol). Stirring was continued for 3 hours at ambient temperature to give a clear solution. ): 3448m, 2981s, 2936m, 2878w, 2309w, 1639m, 1469m, 1455m, 1388s, 1376s, 1252s, 1178s, 1144s, 1109s, 1081s, 996s, 886m, 823s, 803m, 703w, 552m, 524m, 485w, 431w.
X-ray crystallography
Single-crystal X-ray diffraction studies of complexes 1-16 are performed on a Bruker SMART diffractometer equipped with CCD area detector with a graphite monochromator situated in the incident beam for data collection. All data are corrected by semi-empirical method using SADABS program. The program SAINT is used for integration of the diffraction proles. All structures are solved by direct methods using SHELXS program of the SHELXTL-97 package and rened with SHELXL. 34, 35 Metal atom centers were located from the E-maps and other nonhydrogen atoms are located in successive difference Fourier syntheses. The nal renements are performed by full matrix least-squares methods with anisotropic thermal parameters for non-hydrogen atoms on F 2 . All the hydrogen atoms are rst found in difference electron density maps, and then placed in the calculated sites and included in the nal renement in the riding model approximation with displacement parameters derived from the parent atoms to which they are bonded.
Further crystallographic data and experimental details for structural analyses of all the complexes are summarized in Table 1 and selected bond lengths and angles with their estimated standard deviations for products 1-16 in Table 2 respectively (Scheme 1).
Results and discussion
Synthesis of the complexes
Sixteen complexes 1-16 were synthesized by the reactions of lanthanide metal(III) chloride with tetrakis(O-isopropyl)methylenediphosphonate (L) under the presence of a small amount of 1,10-phenanthroline (phen) or pyrazine (pz) at room temperature in acetonitrile or in a mixture of ethanol and DMF solution. This shows that the choice of the solvent has inuence on the experimental product, just as reported in the literature. 36 It is worth noting that a small amount of 1,10-phenanthroline (phen) or pyrazine (pz) is added into the reaction. According to HSAB theory, compared with nitrogen atoms of 1,10-phenanthroline or pyrazine, rare earth metals tend to be coordinated with oxygen of tetrakis(O-isopropyl)methylenediphosphonate or crystal water. So we can guess that phen or pz play can facilitate the synthesis of unsolvated products with good crystallization quality.
It is very interesting that the crystals of complex 12 was found in the process of synthesizing complex 1. Therefore, we believe that complex 12 is an intermediate product of complex 1. The complex 12 was colourless and the complex 1 was yellow. During the evaporation of the solvent, the colour change from the colourless to yellow was observed in the beaker. From the perspective of the structure of the complexes, the L ligand of monodentate coordination in 12 is converted to one of bidentate coordination in 1, which makes the structure of 1 more stable. It is well-known that the thermodynamic stability of the complex is expressed by the stability constant, and the factors that affect the stability constant are the enthalpy change and the entropy change of the coordination reaction. Chelating effect is essentially an entropy increase effect. 23, 24 The conversion of complex 12 to complex 1 can be understood as L-ligand substitution with H 2 O molecules acting on the metal center. This substitution reaction increases the number of molecules in the reaction system and can be regarded as an entropy increase process (Scheme 2). The experimental results show that the presence of chelating effect will enhance the stability of the complex.
Crystal structure
Complex 1 and complex 2 are all nine-coordinated by four oxygen atoms from two L ligands, four oxygen atoms from four water molecules and a coordinated chlorine atom (Fig. 1) . Their crystal system is triclinic and their space group is P 1. Here, we only discussed complex 1 deeply to demonstrate the common structural features. In complex 1, the average of distance of La- 38 . The smaller (P)O-La-O(P) bond angle is a great extent on the different substituent group of phosphorus. Meanwhile, coordination water and free chlorine atoms also form hydrogen bonds with distances of 2.
. These strong hydrogen bonds enhance the stability of the two adjacent units and affect the crystal packing of the molecules (Fig. 2) .
Description of [LnL 2 (H 2 O) 4 ]Cl 3 $6H 2 O (3-9) (Ln ¼ Nd for 3, Ln ¼ Sm for 4, Ln ¼ Eu for 5, Ln ¼ Gd for 6, Ln ¼ Tb for 7, Ln ¼ Dy for 8, Ln ¼ Er for 9, L ¼ tetrakis(O-isopropyl)methylenediphosphonate). Compounds 3-9 are isomorphous; hence, only the structure of complex 3 will be discussed in details as a representative. X-ray single-crystal diffraction shows that complex 3 crystallizes in triclinic space group P 1, each unit contains one Nd(III) atom, two bidentate L ligands, four 298 (2) 93 (2) 298 (2) 298 (2) 298 (2) 298 (2) 298 (2) 298 (2) Crystal system (12) 10.3390 (11) 10.3470 (7) 10.3287 (9) b (Å)
13.8644 (13) 13.572 (3) 15.2969 (14) 15.2349 (14) 15.3989 (16) 15.1721 (15) 15.1905 (13) 15.1740 (18) c (Å) 16 .750 (2) 16.458 (4) 18.6231 (18) 18.6571 (16) 18.8774 (19) 18.6529 (17) 18.6403 (18) 18.563 ( 298 (2) 298 (2) 298 (2) 298 (2) 298 (2) 298 (2) 298 (2) 298 (2) Crystal system Space group
Crystal size (mm) 13.8000 (12) 12.3732 (14) 12.1400 (11) 15.2938 (16) 10.6178 (11) 12.3651 (11) 10.2541 (11) b (Å) 15 .6001 (16) 16.7321 (14) 15.0540 (18) 14.9259 (13) 16.7518 (19) 20.6875 (19) 13.0974 (13) 12.3626 (14) c (Å)
18.1899 (19) 22.430 (2) 29.867 (3) 16.2591 (15) 20.3380 (17) 23.129 (3) 16.4608 (15) 12.4492 ( (22)]. The complex displays a onedimensional chain formed by these twenty hydrogen bonds and these non-covalent bond interactions make this complex stable (Fig. 4) 4 Cl]Cl 2 (11) (L ¼ tetrakis(O-isopropyl)methylenediphosphonate). Complex 10 and complex 11 have two monomers. The central atom La of complex 10 are all ninecoordinate and the central atom Pr of complex 11 have two kinds of coordination modes, nine-or eight-coordinated. The crystal system of them is triclinic and space group is P 1. Here, we only discuss complex 11 to research structural features. In complex 11, one of the central atoms Pr is eight-coordinated by four oxygen atoms from two L ligands, one oxygen atom from a coordinated water molecule, two oxygen atoms from two hydroxyls and a coordinated chlorine atom; while the other central atom Pr is nine-coordinated by four oxygen atoms from two L ligands, four oxygen atoms from four coordinated water molecules and a coordinated chlorine atom (Fig. 5) Goodness-of-t on F (Fig. 6) .
Description of [LaL 2 (H 2 O) 5 Cl]Cl 2 $6H 2 O (12) (L ¼ tetrakis(Oisopropyl)methylenediphosphonate). In complex 12, the central atom La(III) is nine-coordinated by three oxygen atoms from two L ligands (a monodentate L ligand and a bidentate L ligand), ve oxygen atoms from vecoordinated water molecules and a coordinated chlorine atom. The crystal system of complex 12 is triclinic and space group is P 1 (Fig. 7) . We believe that complex 12 is an intermediate product of complex 1. The average distance of La-O (P]O) bonds of complex 12 is 2.537Å, and it is longer than that of complex 1 (2.450Å). The (P)O-La-O(P) bond angle is 73. 6 , and it is larger than that of complex 1 
.969Å for [O(18)-H(18F)/O(19)])
, which is much shorter than the sum of the van der Waals radii (3.22Å). These hydrogen bonds connect the two adjacent units strongly and it is helpful for forming a one-dimensional chain. The other part of hydrogen bonds is formed by free water 
O(13) (L ¼ tetrakis(Oisopropyl)methylenediphosphonate).
In complex 13, the central atom Yb(III) is seven-coordinated. Compared with complex 12, two coordinated water molecules were missing and the reason is due to the small radii of the central atom, which leads to a large steric hindrance. The crystal system complex 13 is monoclinic and space group is P2(1)/n (Fig. 9) . The average (Fig. 10) .
X-ray single-crystal diffraction reveals that complex 14 crystallizes in orthorhombic space group P2 (1)2(1)2(1), each unit contains one Nd(III) atom, two bidentate L ligands, three coordinated water molecules, a coordinated chlorine atom, three lattice water molecules and two free chlorine atoms. The Nd(III) atoms are eight-coordinated by four phosphonate oxygen atoms (O1, O4, O7, O10) from two bidentate L ligands, three oxygen atoms (O13, O14, O15) from three coordinated water molecules and a coordinated chlorine atom (Cl1) (Fig. 11) (Fig. 12) . Topologically, each Nd(III) atom and chlorine atom (Cl) is considered as a 3-connected quadrangle node and the complex can be simplied as two-dimensional mesh 6 3 topology formed by Nd(III) atom and chlorine atom (Cl) (Fig. 13 and S9 †) . Type of this net consists of six connected nodes shared by three hexagonal units. The hexagonal unit forms a six-membered ring, comprising three Nd(III) atoms and three chlorine atom. This two-dimensional mesh 6 3 topology makes complex structure more stable.
In complex 15, the central atom Ho(III) is seven-coordinated by four oxygen atoms from two L ligands, one oxygen atom from a coordinated water molecule and two coordinated chlorine atoms. The crystal system of complex 15 is triclinic and space group is P 1 (Fig. 14) . (3)]) and these hydrogen bonds connect the two adjacent units strongly and it is helpful for the stability of this structure (Fig. 15) .
In complex 16, each atom Sc(III) is six-coordinated by two oxygen atoms from two L ligands, two oxygen atoms from four coordinated water molecules and two oxygen atoms from two hydroxyls. Interestingly, two Sc(III) atoms are bridged by two oxygen atoms from two hydroxyls and two L ligands to generate a dimmer, and this interesting structure is rarely found. It is worth mentioning that complex 16 is a cluster compound and the metallic bond between adjacent Sc(III) atoms is 3.164Å. The crystal system of complex 16 is triclinic and space group is P 1 (Fig. 16) . The average distance of Sc-O (P]O) bonds is 2.083Å and it is similar to the average distance of Sc-
39 What is more, there are a lot of hydrogen Topologically, all the Sc(III) are viewed as a 3-connected quadrangle node. In this way, hydrogen bonds link the Sc-Sc units to form a two-dimensional mesh 6 3 topology. The type of this net is similar to that of complex 14 and consists of six connected nodes shared by three hexagonal units. The hexagonal unit constitutes a six-membered ring, comprising six Sc(III) atoms (Fig. 17) . However, every line of complex 14 in the topological structure is simplied by hydrogen bonds and the blue lines of complex 16 are the real metallic bonds. Comparing the two complexes, the topological structure of complex 14 is a distorted two-dimensional mesh 6 3 topology and the net of complex 16 is a classic one ( Fig. 18 and S10 †).
Chelating effect and lanthanide contraction
In this work, chelating effect and lanthanide contraction affect the coordination modes of the ligand tetrakis(O-isopropyl) methylenediphosphonate, the coordination numbers of the Ln(III) ions, and the average Ln(III)-O ligand bond lengths of lanthanide complexes.
The single crystal diffraction data shows that the two L ligands have the same bidentate coordination mode in the complexes 1-11, 14-16, but two ligands in complexes 12 and 13 adopt two different modes -monodentate mode and bidentate mode. The complex 12 is the intermediate of complex 1, in the process of reaction the monodentate ligand L in 12 is spontaneously converted into bidentate coordination mode. All these show that the ligand is more prone to take bidentate chelation mode when forming the complex, which agrees with the result found in literature 25 that the values of DE bidentate is lower than leads to a large steric hindrance hence results in the existence of monodentate coordination in 13. In summary, we believe that it is chelating effect and lanthanide contraction which decide the coordination mode and crystal structure of complexes. In addition, there are two interesting phenomena associated with lanthanide contraction in this work. One is that we selected the similar reaction route and ligands, but we obtained products with different coordination number. Complexes 
element tends to form nine-coordinated structure and the metal with atomic number larger than Pr element tends to form eight or lower numbercoordinated structure. Pr element has two kinds of coordination numbers-nine or eight. In complexes 13 and 15, the coordination number is 7, whose central atoms are Yb and Ho. Complex 16 is a binuclear cluster compound with the central atom Sc and the coordination number is six. This phenomenon is considered to be due to the different radii of the central atom.
In the complexes 1-8, 15, 9 and 13, the normalized average distances from Ln to the oxygen of ligand decrease as the atomic number of the lanthanide increases NMR spectra of complexes (Table 3) .
Thermogravimetric analysis of complexes
TG experiments of the samples of complexes 1-9, 11-13, 15-16 were carried out from room temperature to 800 C (Fig. 19) . The TGA curves for complex 1 and complex 2 display an initial weight loss of 18.36% (calcd 17.82%) for 1 and 18.68% (calcd 17.72%) for 2 at the temperature range of 114-168 C and 120-184 C, suggesting the loss of one coordinated chlorine atom, two uncoordinated chlorine atoms and four coordinated water molecules. Then, in the temperature range from 168 C for 1 (184 C for 2) to 242 C, this part of weight loss is the phenomenon also demonstrates that the stability of complex 1 is superior to that of complex 12, namely the structure formed by two ligands adopting chelating coordination modes is more stable than the structure formed by two ligands adopting monodentate and chelating coordination modes.
Terahertz (THz) time-domain spectroscopy of the complexes
We present absorptivity and dispersion spectra of three different retinal isomers in the far-infrared region between 10 and 100 cm À1 (0.3-3.0 THz) measured by terahertz time-domain spectroscopy at 298 K. The bands in the THz region may be related to various modes. Hydrogen bonds, rotation of dipole, vdW (van der Waals' force), low-frequency vibrations of lattices and other modes may be related to the bands in the THz region. 45 The observed signal terahertz pulses aer passing through the sample material is usually interpreted as a possible reduction of the material by absorption and scattering.
The room temperature terahertz (THz) absorption spectra of complexes 1-9, 11-13, 15, 16 and relative ligand (tetrakis(Oisopropyl)methylenediphosphonate) are measured ( By comparing the THz absorption spectra of the products with those of the reactants, we can note that aer reaction, the peaks of ligand disappeared or moved. The new peaks of complexes have a tendency to blue shied compared with that of ligand (Fig. S14 †) (1.41, 1 .76, 1.93 THz for ligand and 1.56, 1.80, 2.06 THz for complexes). By comparing the THz absorption spectra of complexes 1-9 (Fig. 21 and 22) , they all have the peaks of 1.58, 1.83, 2.15, 2.35, 2.74 and 2.92 THz and it is due to the similar structure with one rare earth metal atom and two ligands. However, there also have some different peaks for these complexes (0.87 THz for complexes 1-2 and 1.04, 2.52 THz of complexes 3-9). From the perspective of structural analysis, complexes 1-2 have one more chlorine atom and the extra chlorine atom changes the hydrogen bonding interaction of the complex. In complexes 12-13 ( Fig. 23) , the central atom coordinated by a monodentate diphosphate ligand and a bidentate diphosphate ligand. In the spectrum of complexes 12-13, we found that the peaks of 2.12 and 2.52 THz were missing comparing with complexes 1-9. This phenomenon indicates Fig. 21 THz absorption spectra of complex 1 and complex 2. Fig. 22 THz absorption spectra of complexes 3-9. that these terahertz absorption peaks were assigned to two bidentate diphosphate ligands coordinating to the central atom. By comparing the THz absorption spectra of complex 16 with the other complexes, the spectrum of complex 16 ( Fig. 24 ) almost have all terahertz absorption peaks of the other complexes and even have the peaks of 3.30 THz. This result is due to the special structure of complex 16, and which is a cluster compound and have some metallic bonds. These results indicate that although the central atom and the ligand are the same, but different coordination situations make the terahertz absorption peaks have signicant differences. The coordination number and ligand species of complexes can also affect the terahertz spectral absorption peaks appear or disappear. Therefore, THz spectroscopy may be a novel means to characterize the situation with the coordination of the ligand, and even more characterization methods in the eld of coordination chemistry will have better prospects.
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Conclusion
In summary, a series of sixteen lanthanide-diphosphates complexes (L ¼ tetrakis(O-isopropyl)methylenediphosphonate) have been synthesized in the solvent of acetonitrile, ethanol or methanol at room temperature and characterized by IR, elemental analyses, single-crystal X-ray diffraction analysis, thermal analysis, 1 HNMR and 31 P NMR spectroscopy.
Complexes 11-13 displays a one-dimensional chain formed by hydrogen bonds and complexes 14 and 16 can be simplied as two-dimensional mesh 6 3 topology formed by hydrogen bonds.
It is worth mentioning that complex 16 is a cluster compound and the metallic bond between adjacent Sc(III) atoms is 3.164Å. In these complexes, the ligand adopts monodentate mode or chelating mode. As the atomic number increases, the coordination number of the Ln(III) ions change from nine to seven, the average Ln(III)-O ligand bond lengths of lanthanide complexes decrease. From the above facts we can see that the chelating effect and lanthanide contraction can affect the coordination modes of the ligand tetrakis(O-isopropyl)methylenediphosphonate, the coordination number of the Ln(III) ions, and the average Ln(III)-O ligand bond lengths of lanthanide complexes. With the study and exploration of terahertz (THz) time-domain spectroscopy, we reach the following conclusions: the new peaks of complexes have a tendency of blue shied compared with that of the ligand. Although the central atom and the ligand are basically the same, different coordination situations make the terahertz absorption peaks signicantly different. The coordination number and ligand species of complexes can also affect the existence of the terahertz spectral absorption peaks. So, THz spectroscopy may be a sensitive method to distinguish and determine small differences between the lanthanide-organic complexes.
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